The stage-dependent susceptibility of Plasmodium falciparum to a short exposure to docetaxel (Taxotere) was evaluated by subjecting ring-infected, trophozoite-infected, and schizont-infected erythrocytes to a 5-h exposure to various concentrations of the drug. The schizont stage was shown to be the most sensitive stage; an inhibition of more than 60% of parasite development was observed at 10 nM. At this drug concentration, the development of the younger ring and trophozoite forms was unaffected. The in vivo antimalarial activity of docetaxel against the development in blood of old trophozoites of a species that causes malaria in rodents, Plasmodium vinckei petteri, was evaluated in IOPS-OF1 mice. Two tests were performed: the 4-day suppressive test, as described by Peters (W. Peters, p. 145-273, in Chemotherapy, and Drug Resistance in Malaria, vol. 1, 1987), and the effects of a single injection of docetaxel after inoculation of the parasites. A single injection of docetaxel at 40 mg/kg of body weight was sufficient to reduce drastically the level of parasitemia; 90% inhibition of the development of parasites in blood was observed 5 days after drug injection. This program avoided the toxicity observed when mice were treated with four injections of docetaxel. The possibility of using a single bolus of taxoids to treat malaria infections is discussed.
Malaria remains the major tropical disease, with more than 300 million people being infected and 3.5 million deaths annually (25) . The widespread development of Plasmodium falciparum resistance to classical antimalarial agents such as chloroquine has strengthened the efforts to develop new chemotherapeutic strategies that are based on the selective inhibition of biological processes that are essential for parasite propagation but that do not have major effects on the host. Microtubules play a crucial role in the life cycle of malarial parasites. They are one of the major cytoskeletal components and are involved in key steps of the life cycle such as the formation of the mitotic spindle during parasite division (1, 12, 22) , the exflagellation process during microgametogenesis (2, 24) , and the differentiation of zygotes into ookinetes (7) . During hepatic schizogony, more than 20,000 hepatic merozoites or exoerythrocytic merozoites are produced from one sporozoite, and during each erythrocytic schizogony, 20 to 24 new merozoites are produced in 48 h. Microtubules thus constitute targets of choice for reducing parasite propagation. Ultrastructural studies on mitotic spindle formation have only been conducted on sporogony (22) and hepatic schizogony (12) . However, a recent immunofluorescence study has described the microtubular organization during the erythrocytic schizogony of P. falciparum (17) , and studies with antimicrotubular drugs have pinpointed the essential role of microtubules during asexual schizogony (5, 27) .
Among the numerous microtubular poisons, taxoids like paclitaxel (Taxol) (19, 28) and docetaxel (Taxotere) (4, 18) possess the unique property of stabilizing microtubules both in vivo (21) and in vitro (6, 20) by inhibiting their depolymerization to free tubulin. In vitro studies by us (23) and other investigators (16) have shown that taxoids are very effective agents against the development of chloroquine-susceptible and chloroquine-resistant strains of P. falciparum, with the dividing stages (schizonts) being the most sensitive stages of the erythrocytic cycle. Docetaxel was shown to be more active in vitro than paclitaxel against the same strain, i.e., against P. falciparum FcB 1 /Colombia, the drug concentration inhibiting parasite development by 50% was 5 Ϯ 1 nM for docetaxel, whereas it was 71 Ϯ 8 nM for paclitaxel (23) . Furthermore, short-term incubation of parasites with 30 M docetaxel irreversibly blocked the in vitro development of P. falciparum schizonts (23) . We hypothesized that a single dose of docetaxel applied at the time of parasite schizogony would drastically reduce the level of parasitemia observed in vivo with paclitaxel (16), but with a better effectiveness in view of the differences in the drug concentrations inhibiting parasite development by 50% observed in vitro. Such a chronotherapy might also reduce the toxicity that taxoids can produce. To assess the feasibility of such an approach, we first evaluated in vitro the effects of a short exposure to docetaxel on the erythrocytic development of the human malarial parasite P. falciparum and have shown that a 5-h exposure to docetaxel at a concentration as low as 10 nM was sufficient to irreversibly block the parasite schizogony. The in vivo antimalarial activity of docetaxel was then assessed on the blood stages of the rodent malarial parasite Plasmodium vinckei petteri (i) by the 4-day suppressive test, as described by Peters (15) , and (ii) by determining the effects of a single injection of docetaxel on blood stages of P. vinckei petteri 2 or 26 h after parasite inoculation.
MATERIALS AND METHODS
Drug. Docetaxel (RP 56976-FCH 160), a hemisynthetic compound related to paclitaxel (11) , was a generous gift from Rhône-Poulenc Rorer (Vitry-sur-Seine, France).
For in vitro studies, docetaxel was prepared as a 10 mM stock solution in dimethyl sulfoxide and was stored at Ϫ20ЊC. Before use, docetaxel was diluted into culture medium.
For in vivo experiments, docetaxel was first dissolved in Tween 80 and was then adjusted to a concentration of 8 mg/ml with 5% (wt/vol) glucose in water. The suspension was sonicated, and drug dilutions were made in 5% (wt/vol) glucose solution.
P. falciparum culture and synchronization. The chloroquine-resistant strain FcB 1 /Colombia (H. G. Heidrich, Max-Planck-Institut, Martinsried, Germany) was maintained in continuous culture as described by Trager and Jensen (26) . The culture medium was RPMI 1640 (Gibco Laboratories, Eragny, France) supplemented with 5% human type Oϩ serum-11 mM glucose-25 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid)-44 mM sodium bicarbonate (pH 7.4)-60 g gentamicin per ml. The culture was performed at 37ЊC erythrocytes (RBCs) with a 3 to 4% hematocrit and in an atmosphere of 3% CO 2 -6% O 2 -91% N 2 . Under our culture conditions, the in vitro life cycle of this strain was 48 h.
Parasite synchronization was obtained by combining the gelatin flotation method (14) with sorbitol treatment (9) . Mature schizont-infected RBCs were isolated and concentrated to 60 to 80% parasitemia with Plasmagel (Roger Bellon, Neuilly sur Seine, France). The schizonts were then put back in the culture and were diluted with fresh RBCs. After 5 h, reinvasion was stopped by lysing the remaining schizonts with 5% (wt/vol) sorbitol (in distilled water). Such a procedure allows one to obtain a homogeneous population of ring-infected RBCs in a 5-h window.
Docetaxel treatments of P. falciparum erythrocytic stages. Ring-infected RBCs (0 to 5 h old), trophozoite-infected RBCs (20 to 25 h old), and schizont-infected RBCs (37 to 42 h old) were incubated for 5 h at 37ЊC with docetaxel concentrations ranging from 30 to 0.01 M. At the end of the incubation period, the cells were carefully washed with RPMI 1640 medium and were then maintained in culture medium without drug. Controls were performed with untreated synchronous cultures processed in the same way as the treated cultures. Giemsastained blood smears were prepared, and parasitemia was established on 2,000 cells by counting the number of new rings that formed during the second erythrocytic cycle. The inhibitory effect of docetaxel on parasite growth was determinated by comparing the level of parasitemia of the treated cultures with that of the control cultures. Each docetaxel concentration was tested in duplicate in two independent experiments.
Treatment of P. vinckei petteri-infected mice with docetaxel. (i) Inoculation of mice. Male IOPS-OF1 mice (Charles-River, Cleon, France) weighing approximately 20 g were inoculated with the strain 279 BY, which was isolated from the Central African Republic line of P. vinckei petteri (3) . The blood of a donor mouse with a level of parasitemia of about 30% with parasites at the old trophozoite stage was collected in an heparinized syringe. The parasitized blood was diluted in physiological saline solution (0.9% NaCl) to a density of 5 ϫ 10 7 RBCs/ml. At day 0, the mice were inoculated intraperitoneally with 0.2 ml of the parasite suspension (10 7 parasites). (ii) In vivo administration of docetaxel. The in vivo antimalarial activity of docetaxel was evaluated by two series of tests. In test 1, the 4-day suppressive test described by Peters (15) , at 2 h after inoculation with P. vinckei petteri, mice were injected intraperitoneally with 0.1 ml of docetaxel solutions at different concentrations, giving doses ranging from 7.5 to 40 mg/kg of body weight. Eight animals were tested at each dose level. The injection of docetaxel was repeated daily for 3 consecutive days from day 0 of parasite injection. At the 5th day, thin blood smears were made from the tail blood of treated and untreated mice and the smears were stained with Giemsa. For the control group (six animals), docetaxel was omitted from the formulation and all the other steps were identical to those for the treated groups.
In test 2, single administration of the drug, mice (eight animals per group) received a single 0.1-ml intraperitoneal injection of docetaxel (40 mg/kg) at 2 or 26 h after the parasite injections. Five days later, blood smears were made from tail blood and the smears were stained with Giemsa. For each experiment, the level of parasitemia was determined by counting 2,000 cells. Parasite growth inhibition by docetaxel was determined by comparison with the level of parasitemia in control untreated mice. All inhibition experiments were carried out in at least two independent experiments.
RESULTS AND DISCUSSION
Several investigations have shown that taxoids at nanomolar concentrations inhibit the in vitro development of P. falciparum when cultures were continuously exposed to the drug (16, 23) . Schrével et al. (23) have also demonstrated that a 5-h exposure to 30 M docetaxel is sufficient to block the development of P. falciparum, regardless of the period of the parasite's erythrocytic life cycle. Here, the efficacy of short exposures to docetaxel at lower concentrations was investigated on P. falciparum erythrocytic stages by a series of pulse experiments on 5-h synchronized cultures. The results, shown in Fig.  1 , demonstrate that a short exposure of synchronous P. falciparum cultures to docetaxel inhibits parasite development in a concentration-dependent fashion. Furthermore, the susceptibility of P. falciparum toward docetaxel differed according to the erythrocytic stage. At 30 M, the highest docetaxel concentration tested, 95% inhibition of ring development was observed. On the other hand, trophozoite development was inhibited at drug concentrations of 30 and 10 M. Docetaxel was still more effective against the dividing forms (schizonts); at the lowest drug concentration tested, 0.01 M, inhibition of schizont development of more than 60% was observed, whereas the development of the younger ring and trophozoite forms was unaffected at this concentration. Thus, a 5-h exposure to docetaxel at a concentration as low as 10 nM is sufficient to block the in vitro development of P. falciparum when the exposure is applied throughout the period of parasite division. To test whether the same may be true in vivo, we investigated the antimalarial activity of docetaxel on blood stages of a Plasmodium species that causes malaria in rodents, P. vinckei petteri.
P. falciparum synchronicity occurs normally in humans (8), and P. vinckei petteri was selected for study because of this similarity in synchronicity. Furthermore, P. vinckei petteri schizogony occurs 24 h after inoculation with frozen blood (13) , and thus, the timing of the various parasitic stages can be set up precisely. Mice infected with 18-h-old trophozoites were treated with docetaxel by the 4-day suppressive test (15) with drug doses of 40, 30, 20, 10, and 7.5 mg/kg 2 h after parasite inoculation. The intraperitoneal injections of drug were repeated daily for 3 consecutive days, and blood smears were made on the 5th day. Results from a typical experiment are presented in Table 1 . At the highest concentration tested, docetaxel had a high level of toxicity; two of the eight mice treated with 40 mg of the drug per kg were alive after the fourth injection. Total eradication of the parasite was observed in these mice, but they died 2 days later (data not shown). In the groups treated with docetaxel at 30 and 20 mg/kg, a drastic decrease in the level of parasitemia was observed, with inhibition of parasite development being more than 98 and 92%, respectively (Table 1) . Under these test conditions, the docetaxel concentration causing 50% reduction of parasite development was 12 Ϯ 1 mg/kg (n ϭ 3). The strong inhibition of parasite development obtained at doses of 30 and 20 mg/kg led Table 2 . When docetaxel was injected 2 h after parasite inoculation, comparison of the level of parasitemia in treated and control mice 5 days later showed an inhibition of parasite development of about 90% (Table 2) . This inhibition was similar to that observed when mice were treated with four injections of docetaxel at 20 mg/kg (Table 1) . A single injection of docetaxel at 40 mg/kg 26 h after inoculation with old trophozoites reduced the level of parasitemia by 64% (Table 2 ). These findings are consistent with previous studies of Pouvelle et al. (16) on the in vivo effects of a single dose of paclitaxel (50 mg/kg) on the blood stages of Plasmodium chabaudi adami. Nevertheless, the two protocols used in the two studies are quite different and do not allow us to compare our results obtained with docetaxel with those obtained with paclitaxel. The higher degree of solubility of docetaxel in aqueous solutions compared with that of paclitaxel (10) may offer a better condition for the efficacy of docetaxel compared with that of paclitaxel. Furthermore, in the present series of in vivo experiments, injections of docetaxel were done intraperitoneally. So, it can be expected that intravenous inoculations, as applied in cancer therapy, might be more efficient against the development of malarial parasites in blood.
In this report we demonstrated that a short exposure of schizont-infected RBCs to a low concentration of docetaxel blocks the development of P. falciparum and that docetaxel administered as a single injection of 40 mg/kg is effective in vivo against the blood stages of P. vinckei petteri. These results indicate that a single injection of docetaxel is able to reduce significantly the level of parasitemia. Such a situation suggests that a clinical improvement in patients with severe cases of malaria can be expected by injection of docetaxel or other taxoids. Furthermore, the design of taxoids with lower toxicities could be useful for determining the feasibility and the efficiency of such a therapeutic approach since the mechanisms of these drugs, which stabilize the microtubules, is completely different from those of the usual antimalarial drugs. a The 4-day suppressive test was performed as described by Peters (15) . Mice (eight animals per group) were inoculated with old trophozoites and were treated 2 h later with docetaxel at the indicated doses. The injections were repeated daily for 3 days. For the control group (six animals), docetaxel was omitted from the formulation and all the other steps were identical to those for the treated groups.
b Mortality is defined as n/N, where n is the number of dead mice and N is the number of mice in each group. a Docetaxel was given at 40 mg/kg to different groups of mice (eight animals per group) 2 h (series A) or 26 h (series B) after inoculation with old trophozoites. For the control group (six animals), docetaxel was omitted from the formulation and all other steps were identical to those for the treated groups. The percentages of parasitemia and inhibition were determined on day 5.
